1263W94 is a novel benzimidazole compound being developed for treatment of human cytomegalovirus infection. No adverse pharmacological effects were demonstrated in safety pharmacology studies with 1263W94. The minimal-effect dose in a 1-month rat study was 100 mg/kg/day, and the no-effect dose in a 1-month monkey study was 180 mg/kg/day. Toxic effects were limited to increases in liver weights, neutrophils, and monocytes at higher doses in female rats. 1263W94 was not genotoxic in the Ames or micronucleus assays. In the mouse lymphoma assay, 1263W94 was mutagenic in the absence of the rat liver S-9 metabolic activation system, with equivocal results in the presence of the S-9 mix. Mean oral bioavailability of 1263W94 was >90% in rats and ϳ50% in monkeys. Clearance in rats and monkeys was primarily by biliary secretion, with evidence of enterohepatic recirculation. In 1-month studies in rats and monkeys, mean peak concentrations and exposures to 1263W94 increased in near proportion to dose. Metabolism of 1263W94 to its primary metabolite, an N-dealkylated analog, appeared to be mediated via the isozyme CYP3A4 in humans. 1263W94 was primarily distributed in the gastrointestinal tract of rats but did not cross the blood-brain barrier. In monkeys, 1263W94 levels in the brain, cerebrospinal fluid, and vitreous humor ranged from 4 to 20%, 1 to 2%, and <1%, of corresponding concentrations in plasma, respectively. The high level of binding by 1263W94 to human plasma proteins (primarily albumin) was readily reversible, with less protein binding seen in the monkey, rat, and mouse. Results of these studies demonstrate a favorable safety profile for 1263W94.
Human cytomegalovirus (HCMV) is a herpesvirus that causes widespread infection. The virus generally persists in the host and can be reactivated in cases of immune suppression. HCMV infection is associated with significant morbidity and mortality in certain populations, including neonates and immunocompromised patients such as transplant recipients and AIDS patients (10) . In the United States, drugs currently approved for treatment of HCMV infection include ganciclovir (GCV; Cytovene), cidofovir (CDV; Vistide), and foscarnet (PFA; Foscavir). For prophylaxis in solid organ transplant recipients or for prophylactic or maintenence treatment of HCMV retinitis in AIDS patients, GCV can be administered orally or by intravenous (i.v.) injection. For induction treatment of HCMV retinitis, GCV must be administered by i.v. injection; CDV and PFA can be administered only by i.v. injection. Two drugs available for the intravitreal treatment of HCMV retinitis in AIDS patients are Vitrasert, the intravitreal implant formulation of GCV, and Fomivirsen, an antisensedesigned oligonucleotide administered via intravitreal injection. Finally, valganciclovir (Valcyte), the oral prodrug of ganciclovir, was recently approved for the treatment of HCMV retinitis in patients with AIDS.
Problems associated with each of these therapies include toxicities, such as bone marrow suppression (granulocytopenia, anemia, and thrombocytopenia), with GCV (8, 18) and nephrotoxicity with CDV (14, 15) and PFA (5) . In addition, emergence of drug-resistant virus in patients undergoing long-term maintenance therapy with these drugs has resulted in diminished drug efficacies (12, 13) . Because the approved drugs have similar mechanisms of action, the emergence of HCMV mutations associated with resistance to one drug often leads to resistance to the other drugs (4) .
1263W94 (5, 6 ,-dichloro-2-isopropylamino-1-␤-L-ribofuranosyl-1H-benzimidazole; Fig. 1 ) is a member of a new class of drugs, the benzimidazole ribosides and is being developed for the treatment of HCMV. 1263W94 is a potent antiviral agent in vitro with an approximately 4-to 7-fold-lower mean 50% inhibitory concentration (IC 50 ) than GCV in the laboratory strain AD169 (0.12 versus 0.53 M) and in 10 clinical HCMV isolates (0.03 to 0.13 M versus 0.15 to 1.10 M) as measured by DNA hybridization (3). Although one mechanism by which 1263W94 inhibits HCMV replication is by interfering with HCMV DNA synthesis, the inhibition differs from that of GCV, CDV, or PFA in that it does not involve HCMV DNA polymerase. In addition, 1263W94 is active against viral mutants that are resistant to GCV, CDV, and PFA (6) . Since 1263W94 is being developed as a novel anti-HCMV agent, we report the results of several preclinical studies that were performed to assess the safety and pharmacokinetics of 1263W94.
MATERIALS AND METHODS
Compound. 1263W94 was synthesized at Wellcome Research Laboratories, Research Triangle Park, N.C., or Beckenham, Kent, United Kingdom. The purity of the compound used in these studies was Ͼ96%. Drug administration. For safety pharmacology studies, 1263W94 was administered as a suspension in 0.5% methylcellulose (10 ml/kg) to mice via oral gavage and in citrate buffer (50 ml/kg) as an i.v. bolus dose via the right femoral vein to dogs. For acute toxicology studies, 1263W94 was prepared as a solution in citrate buffer (oral studies [citric acid, 1 N HCl, distilled water]; i.v. studies [citrate monohydrate, HCl or NaOH, sterile saline]). Oral doses (50 mg/ml) were administered by gavage, and i.v. doses (5 or 20 mg/ml) were administered via the lateral tail vein (mice and rats), or the right jugular vein (rats). For subchronic toxicology studies, 1263W94 was suspended in 0.5% methylcellulose for the 28-day dose range finding studies in rats (10 ml/kg) and monkeys (20 ml/kg). However, due to the lack of homogeneity and variable blood concentrations, the vehicle was changed to citrate buffer (citrate monohydrate, with 0.1 M NaOH for controls and 0.1 N HCl for drug-treated samples) for the definitive 1-month studies. For mutagenicity studies, 1263W94 was prepared as a solution in methanol-water (Ames assay), dimethyl sulfoxide (mouse lymphoma assay), and citric acid-sterile water-1 N HCl (micronucleus assay). For pharmacokinetic studies in rats and monkeys, 1263W94 was administered orally or i.v. as a solution in normal saline containing either (i) 10% (vol/vol) ethanol and 40% (vol/vol) polyethylene glycol 400 or (ii) 20 to 50% (vol/vol) propane-1,2-diol.
Safety pharmacology experiments. Safety pharmacology experiments were performed to assess the potential for 1263W94 to produce any adverse pharmacologic effects (Table 1) . 1263W94 was tested at various single doses (10 to 300 mg/kg) or concentrations (3 to 30 g/ml) in a broad array of in vitro and in vivo (mice and rats) pharmacological assays (PharmaScreen assays; Panlabs, Inc., Bothell, Wash.). In a separate in vitro experiment, the effects of 10 M 1263W94 (3.8 g/ml) on the contraction of guinea pig ileum (n ϭ 6) by the cholinergic agonist, acetylcholine, or the histaminergic agonist, histamine, and of rabbit aortic tissues (n ϭ 6) by the ␣ 1 -adrenergic agonist, l-norepinephrine, were compared with the same response in the presence of vehicle (ethanol). In an in vivo experiment, male CD-1 mice (four animals/group; average weight, 23 g) were fasted overnight and then given single oral doses of 250, 500, or 1,000 mg of 1263W94/kg. Animals were observed continuously for 4 h after dosing for overt effects and daily for 7 days (except weekends) to monitor the delayed effects of treatment. In another study, two groups of anesthetized beagle dogs (three animals/group; weight range, 10 to 13 kg) received vehicle or 3, 10, and 30 mg of 1263W94/kg as i.v. bolus injections in a cumulative fashion, allowing 30 min between doses, and then monitored continuously for cardiovascular and respiratory effects.
Toxicology experiments. Preclinical toxicity studies conducted with 1263W94 consisted of acute oral and i.v. studies in rats and mice, with 28-day dose range finding studies in rats and monkeys to identify doses for the definitive 1-month studies in these two species, and three genetic toxicology studies.
Acute toxicity studies. The single doses of 1263W94 given orally or i.v. to groups of male and female CD-1 mice (19 to 31 g) and Sprague-Dawley rats (126 to 243 g) are listed in Table 2 . Animals were observed for viability and clinical signs on the day of dosing and daily thereafter for 14 days. Body weights were recorded on the day of dosing and at weekly intervals thereafter, and macroscopic examinations were performed on day 14 or at the time of death.
Subchronic toxicity studies. Preliminary 28-day oral studies with 1263W94 in Sprague-Dawley rats (four animals/sex/group) and cynomolgus monkeys (two animals/sex/group) established doses for the 1-month studies. In the 1-month studies, 1263W94 was administered orally to male and female Sprague-Dawley rats (118 to 171 g) at doses of 0, 100, 200, and 400 mg/kg/day and to cynomolgus monkeys (2.2 to 5.6 kg) at 0, 20, 60, and 180 mg/kg/day. These studies included groups of animals to determine reversibility, toxicokinetics, and histopathology (Table 3) .
Genetic toxicity studies. Reverse mutation assays with Salmonella enterica serovar Typhimurium strains TA98, TA100, TA102, TA1535, and TA1537 were performed with or without metabolic activation (S9) to test 1263W94 at concentrations up to 650 g/plate in the standard Ames assay (1) and at up to 205 g/plate in the preincubation modification assay (16) . 1263W94 was prepared as a solution in methanol-water (1:1), and appropriate positive controls were used. The mutagenic potential of 1263W94 was also tested in the in vitro mouse lymphoma mammalian cell mutagenesis assay (7) . Four tests were performed, two with and two without S9, at maximum 1263W94 concentrations of 150 and 75 g/ml, respectively. Dimethyl sulfoxide was the solvent, and methylcholanthrene and methyl methanesulfonate were the positive controls with and without S9, respectively. Finally, an in vivo micronucleus assay (11) istering single doses of 1263W94 of 10 mg/kg (i.v.) and 10 or 100 mg/kg (oral) to rats (three males/group) and of 10 or 30 mg/kg (oral and i.v.) to monkeys (two animals/sex/group). Blood was collected at various intervals up to 24 h postdose, and the concentrations of 1263W94 in plasma were determined by a reversedphase high-performance liquid chromatography (HPLC) method described below. Toxicokinetic data were derived from satellite groups of rats and monkeys in 1-month oral toxicity studies. 1263W94 was administered at doses of 100, 200, and 400 mg/kg/day to rats (three animals/sex/time point/dose). Concentrations in plasma were determined at 0, 2, 5, and 8 h postdose on days 3 and 30. 1263W94 was administered to monkeys (three animals/sex/dose) at doses of 10, 30, and 90 mg/kg twice daily. The concentrations in plasma were determined on days 2 and 27 at 0, 1, 2, 4, and 8 h (just before the second dose) postdose.
Excretion and metabolic profiling of 1263W94 were examined after administration of [ 14 C]1263W94 (rats, 25 Ci/mg; monkeys, 5 Ci/mg) orally and i.v. at 10 mg/kg to rats (three males/dose route) and monkeys (three females/dose route). Animals were housed individually in metabolism cages. Urine and fecal samples were collected from rats at 0 to 24 h, 24 to 48 h, and 48 to 111 h postdose. Urine samples in monkeys were collected at 0 to 8 h, 8 to 24 h, 24 to 48 h, 48 to 72 h, and 72 to 96 h postdose. Feces were collected at 0 to 24 h, 24 to 48 h, 48 to 72 h, and 72 to 96 h postdose. Recovery of radioactivity in urine and fecal extracts was determined with a liquid scintillation counter (Tricarb 1900CA; Packard Instrument Co., Downers Grove, Ill.). The metabolic profile of [
14 C] 1263W94 in urine and fecal extracts was determined by reversed-phase HPLC analysis with radiochemical detection as described below.
As part of a dose range finding study in monkeys (two animals/sex/time point), the concentrations in plasma of putative metabolites of 1263W94 were determined after oral administration of 1263W94 at doses of 10, 30, and 90 mg/kg twice daily for 28 days. Plasma samples were obtained at 0, 1, 2, 4, and 8 h after the first dose on days 3 and 23. As part of the same study, tissue distribution of 1263W94 was determined by obtaining samples of plasma, brain, cerebrospinal fluid, aqueous humor, and vitreous humor from one male and one female a Dose-related, reversible increases (greater severity in females) in neutrophils (Ն100 mg/kg/day) and lymphocytes, monocytes, and total WBC counts (Ն200 mg/kg/day); mild, reversible, elevations in bilirubin in most females at 200 and 400 mg/kg/day; increases in absolute and relative adrenal, liver, and spleen weights-all of which, except minimal liver weight increases in females at 400 mg/kg/day, were reversible; minimal, reversible, intestinal mucosal hyperplasia at all doses Cynomolgus monkey (M. fascicularis) 0 5 c Statistically significant differences in reticulocyte count, mean cell hemoglobin concentrations, APTT, and eosinophils between 1263W94 groups and control, which were not considered relevant since they were small in magnitude, occurred during the recovery period, and were not consistently noted during the treatment period; lower absolute and relative adrenal weights without a histopathological correlate b An additional 12 animals were included in these groups for measurement of the levels in plasma only. c Two animals/sex/group for the recovery period (2 weeks). d Administered in divided doses 6 h apart. monkey 1.5 h after the first dose on day 28. Tissue distribution and the potential for melanin binding were determined by conducting a whole-body autoradiography study in male Sprague-Dawley (albino) or Long Evans (pigmented) rats after oral and i.v. dosing of [ 14 C]1263W94 at 10 mg/kg (50 Ci/rat). After oral dosing, three Sprague-Dawley rats each were euthanized at 0.5, 2, 6, 16, and 48 h and at 7 days postdose, while one Long Evans rat was euthanized at 7 days postdose. Rats receiving the i.v. dose were euthanized at 30 min postdose. Animals were frozen, and sections of various tissues and organs were obtained to quantify [
14 C]1263W94-derived radioactivity. 1263W94 measurement. An HPLC method specific for the quantitation of 1263W94 and its metabolites was developed and validated. The HPLC system consisted of a Radiomatic A-100 Flo-One/Beta radiochromatography detector (Packard), a WISP712 autoinjector, and a reversed-phase C 18 (5 Symmetry) 4.6-by-250-mm column equipped with a precolumn of the same medium (Waters Associates, Milford, Mass.), LDC Constametric 4100 pumps, and an SM5000 UV detector (Laboratory Data Control, Riviera Beach, Fla.). Buffer A consisted of 0.1% triethylamine, adjusted to pH 4.8 with acetic acid and 5% acetonitrile in water. Buffer B was the same as Buffer A, except that it contained 60% acetonitrile. 1263W94 was eluted from the column with a gradient of 40 to 100% Buffer B in Buffer A over 30 min. The flow rate was 1 ml/min; the flow rate of UltimaFlow M liquid scintillation cocktail (Packard) was 2 ml/min. Calibration standards were prepared from dilutions of the dose solution. The peaks were detected by UV absorbance at a 305-nm wavelength.
Human in vitro metabolism. The in vitro metabolism of 1263W94 was studied in microsomal preparations from ten different human livers with characterized cytochrome P450 activities. Human liver microsomes (at a 1-mg/ml protein concentration) obtained from Human Biologics, Inc. (Phoenix, Ariz.) were incubated with 50 M [ 3 H]1263W94 (14.9 Ci/mmol) at 37°C in phosphate buffer (pH 7.4) containing an NADPH regenerating system. After the reactions were terminated with acetonitrile, the samples were extracted and analyzed by reversed-phase HPLC for 1263W94 and its metabolites. The role of different cytochrome P450 isoforms in the metabolism of 1263W94 was determined by correlation analysis with known cytochrome P450 substrates.
Plasma protein-binding studies. The protein binding of 1263W94 was studied over the concentration range of 0.05 to 200 g/ml (0.13 to 532 M) in human plasma and 0.05 to 20 g/ml (0.13 to 53.2 M) in monkey, rat, and mouse plasma. [ 14 C]1263W94 (60 mCi/mMol) and unlabeled 1263W94 were directly spiked into the plasma samples and incubated in a 37°C water bath for 15 min. Samples were then dialyzed against 0.142 M phosphate buffer (pH 7.4) for 3 h at 37°C in a Spectrum equilibrium dialyzer with semimicrodialysis cells and SpectraPor #2 membrane (Spectrum Medical Industries). At the end of dialysis, the radioactivity was determined in plasma and buffer samples, as well as in aliquots of the original spiked plasma samples. In a separate experiment, dissociation constants for 1263W94 binding to human serum albumin, ␣ 1 -acid glycoprotein, high-density lipoprotein, and gamma globulin were determined from the fluorescence quenching of the respective proteins, and the kinetics of the binding reaction was investigated by using stopped-flow spectrophotometry.
Safety pharmacology experiments. In the in vitro assay using guinea pig ileum and rabbit aortic tissue, comparisons were made between 1263W94-treated and ethanol vehicle-treated tissues by using two-way analysis of variance (ANOVA), followed by Student-Newman-Keuls multiple comparisons (SigmaStat for Windows; Jandel Scientific Software, San Rafael, Calif.) at a significance level (P) of Ͻ0.05. In the in vivo experiment in dogs, the effects of 1263W94 on blood pressure, heart rate, respiratory rate, and minute volume were compared to the effects of vehicle by using one-way repeated measures ANOVA or Friedman repeated measures ANOVA on ranks if normality test failed (SigmaStat for Windows). In this experiment, pressor/bradycardic responses to bilateral carotid artery occlusion and vagal nerve stimulation, respectively, within treatment groups were compared to their control responses by using Student's paired t test. The level of statistical significance was P Ͻ 0.05.
Toxicology experiments. In the Ames test and the preincubation modification, a dose-related increase of at least twice the spontaneous revertant colonies by the test material was considered biologically significant, with at least three dose levels showing a dose-related increase in colony numbers. Data from the mouse lymphoma assay were analyzed by the procedure for mammalian fluctuation tests (17) by using Dunnett's test to compare individual doses with the control and a 2 analysis of trend. The difference in the log mutant frequencies of the treatment group and control was calculated along with its variance. The test statistic was then computed as the square of the difference divided by the variance of the difference. The test for the linear trend was based on the following model: mutant frequency ϭ spontaneous mutant frequency ϩ dose. The slope, b, and its variance were calculated by using weighted regression. The test statistic was then computed as the square of b divided by its variance. The criteria for a positive response were as follows: (i) demonstration of a statistically significant increase in mutant frequency after treatment with the test substance; (ii) evidence of a dose relationship over at least two dose levels, in any increase in mutant frequency; (iii) demonstration of reproducibility in any increase in dose frequency; and (iv) the observed increases in mutant frequency must lie outside the historical control range with a corresponding day 0 relative survival of Ն10%.
In the micronucleus assay, the number of micronucleated polychromatic erythrocytes (MPCE) was treated as Poisson counts, and the validity of this assumption was determined by a goodness-of-fit test (17) . A one-sided version of Shirley's nonparametric test (20) was used to investigate possible decreases in the proportion of polychromatic to normochromatic erythrocytes with dose, as well as to analyze the MPCE counts for male rats 24 h after dosing. In addition, each dose group was also compared with concurrent vehicle controls by means of Wilcoxon's rank sum test by using Bonferroni's correction to adjust the significance level to allow for multiple comparisons.
RESULTS

Safety pharmacology experiments.
The results of the PharmaScreen assays showed no gross effects of 1263W94 on the cardiovascular, gastrointestinal, and central nervous systems or on metabolic parameters and microbiological activity. Compared to the vehicle, 1263W94 at 10 M (3.8 g/ml) inhibited contractile responses of guinea pig ileum to acetylcholine and histamine but did not affect contractile responses of rabbit aorta to l-norepinephrine.
In CD-1 mice, 1263W94 caused hypoactivity, hypothermia, blepharospasm, and a variable respiratory rate at 250 mg/kg; moderate ataxia, coarse tremors, and diarrhea at 500 mg/kg; and loss of traction, coordination, and righting reflexes at 1,000 mg/kg. Lethality, preceded by gasping and cyanosis, was observed in all four high-dose mice within 4 h of dosing. A cumulative i.v. dose of 43 mg of 1263W94/kg in anesthetized dogs had no effect on mean arterial blood pressure or autonomic function but caused small, statistically significant increases in heart rate (P ϭ 0.02), respiratory rate (P ϭ 0.002), and respiratory volume (P Ͻ 0.001). The heart rate increased transiently after the 30-mg/kg dose and then decreased to below initial levels. Respiratory rate and minute volume recovered to control values within 40 min of the final dose.
Toxicology experiments. Single oral doses of 1263W94 resulted in lethality at doses Ն500 mg/kg in mice and at 1,500 mg/kg in rats. The no-observed-effect level (NOEL) in mice was 250 mg/kg, whereas minimal toxicity was seen in rats at 1,000 mg/kg (1/10 deaths). The i.v. maximum nonlethal doses were 25 mg/kg (males) and 37.5 mg/kg (females) in mice and 75 mg/kg in both male and female rats.
In the 1-month oral toxicity studies (Table 3) , 100 mg/kg/day was the minimally toxic dose in rats (C max , 3.6 to 7.5 g/ml; area under the concentration-time curve [AUC], 54 to 106 g ⅐ h/ml), and 180 mg/kg/day was the NOEL in monkeys (C max , 6.4 to 6.9 g/ml; AUC, ca. 30 g ⅐ h/ml). The specific findings are presented in Table 3 .
In mutagenicity studies, 1263W94 was not mutagenic at concentrations of Յ650 g/plate in the Ames test and at concentrations of Յ205 g/plate in the preincubation modification bacterial mutation assay in the absence or presence of metabolic activation. In four tests carried out with the mouse lymphoma assay, 1263W94 was mutagenic in the absence of an in vitro metabolic activation system (i.e., rat liver microsomal S-9 mix) and equivocal in the presence of S-9 mix (Table 4 ). In two tests carried out in the absence of metabolic activation, statis-tically significant dose-related increases in mutant frequencies were observed at doses ranging from 15 to 75 g/ml (test 1) and from 20 to 75 g/ml (test 2). Methylmethanesulfonate, used for the positive control, induced highly significant increases in mutant frequency in these tests.
Two mouse lymphoma tests were carried out in the presence of a metabolic activation system (Table 4) . Statistically significant increases in mutant frequency were observed at 75 and 150 g/ml (test 1) in the presence of S-9 mix, but the increases were not dose related. No statistically significant increases in mutant frequency were observed in test 2. Therefore, no conclusive evidence of mutagenic potential was demonstrated in the presence of S-9 mix, and the mutagenicity of the compound is considered equivocal in the presence of S9. 20-Methylcholanthrene, used for the positive control, induced highly significant increases in mutant frequency in these tests. It was concluded that 1263W94 demonstrated mutagenic potential in this mouse lymphoma mammalian cell mutation assay in the absence of S9.
1263W94 was not clastogenic in an in vivo micronucleus assay at oral doses of Յ1,200 mg/kg in rats. The highest dose tested in this assay produced a total 1263W94 plasma level of ca. 11 g/ml.
Pharmacokinetics and toxicokinetics of 1263W94. The mean pharmacokinetic parameters for 1263W94 in rats and monkeys are presented in Table 5 . Some evidence of enterohepatic recirculation was observed in both species. As a result, terminal half-life in plasma could not be determined. Oral bioavailability was high in the rat (88 to 92%) and variable in the monkey (42 to 58%).
Biliary excretion was the major pathway of clearance in the rat after i.v. or oral doses of [ 14 C]1263W94 at 10 mg/kg, with 89.7 and 89.2% of the doses, respectively, eliminated in the feces and 94.2 and 91.3% of the doses, respectively, recovered in the excreta as unchanged drug. The recovery of radiolabel in the urine averaged 6.1 and 5.4% of the dose, respectively. Biliary excretion was a significant route of elimination in the monkey, with 41.0 and 35.6% of the dose eliminated in the feces and 57.5 and 36.8% of the dose recovered as unchanged drug after i.v. and oral dosing, respectively. The recovery of the radiolabel in the urine averaged 15.9 and 17.4%, respectively.
The N-dealkylated analog of 1263W94 was excreted in the on October 29, 2017 by guest http://aac.asm.org/ urine and feces of rats (5.3% of the i.v. dose and 5.1% of the oral dose) and was also identified in the urine (4.6% of the i.v. dose and 6.6% of the oral dose) and feces (11.4% of the i.v. dose and 15.5% of the oral dose) of monkeys. In monkeys given 1263W94 orally at 10, 30, or 60 mg/kg twice daily for 28 days, the N-dealkylated metabolite was also identified as a putative plasma metabolite. Mean peak levels in plasma increased with dose, and the average AUC 0-8 for the metabolite was 8 to 14% of the corresponding AUC 0-8 for the parent drug regardless of the dose. In the 30-day toxicokinetic studies (Table 6 ), systemic exposure to orally administered 1263W94 was up to twofold higher in female rats, but no significant sex differences were apparent in monkeys. AUC values were proportional to doses of up to 200 mg/kg/day (middle dose) in rats and 180 mg/kg/day (highest dose) in monkeys.
After i.v. or oral doses of [ 14 C]1263W94 (50 Ci/rat) to albino and pigmented rats, radioactivity was widely distributed, with the highest levels found in the gastrointestinal tract. High levels of radioactivity in the gastrointestinal tract on the seventh day postdose was indicative of delayed excretion possibly due to enterohepatic recirculation. Biliary excretion was confirmed by high levels of radioactivity in the small intestine after i.v. dosing. Moderate levels of radioactivity in the uveal tract and hair follicles of pigmented animals demonstrated evidence of melanin binding. The absence of radioactivity in the brain and spinal cord indicated poor penetration of 1263W94 across the blood-brain barrier in this species. 1263W94 was able to penetrate into brain tissue in monkeys given 10, 30, or 90 mg/kg twice daily for 28 days. On day 28, the concentrations of 1263W94 in plasma ranged from 1 to 13 g/ml. 1263W94 was not quantifiable in samples of aqueous humor (Ͻ0.09 g/ml), but it was detectable in the brain (4 to 20% of 1263W94 levels measured in plasma), cerebrospinal fluid (1 to 2% of 1263W94 plasma levels), and vitreous humor (Ͻ1% of plasma 1263W94 levels), with the levels in these tissues generally paralleling corresponding 1263W94 levels in plasma.
Human in vitro metabolism. If two reactions are catalyzed by the same enzyme or family of enzymes, the rates of formation should correlate to each other. Ten different human liver microsomal preparations with characterized cytochrome P450 activities were used to metabolize 1263W94 to its N-dealkylated metabolite and its base, the aglycone. The role of different P450 isoforms in the metabolism of 1263W94 was determined by correlation analysis with known cytochrome P450 substrates. Strong correlations were observed between the rate of formation of the N-dealkylated metabolite (r 2 ϭ 0.97), testosterone 6␤-hydroxylation (a marker for CYP3A4 activity), and cytochrome P450 content (r 2 ϭ 0.83). These results suggest that the formation of the N-dealkylated metabolite of 1263W94 is catalyzed by isozymes within the CYP3A subfamily. The rate of formation of the aglycone did not correlate with either 6␤-hydroxylation of testosterone or cytochrome P450 content. No significant correlations were observed between rates of N-dealkylated metabolite or aglycone formation with markers for CYP1A1, 1A2, 2A6, 2B6, 2D6, 2C9, 2C19, 2E1, or 4A9/11.
Plasma protein binding of 1263W94. Protein binding was determined by equilibrium dialysis over the concentration ranges of 0.05 to 200 g/ml (0.13 to 532 M) in human plasma and 0.05 to 20 g/ml (0.13 to 53 M) in monkey, rat, and mouse plasma. The binding of 1263W94 was very extensive in human plasma and somewhat lower in monkey, rat, and mouse plasma. Protein binding of 1263W94 in all species appeared to decrease slightly with increasing concentrations over the range tested. The average binding of 1263W94 was 98.0% in human plasma, 83.9% in monkey plasma, 88.1% in rat plasma, and 84.7% in mouse plasma.
The dissociation constants for 1263W94 binding to various blood proteins measured by fluorescence quenching were as follows: human serum albumin (
, and gamma globulin (K d ϭ ϳ800 M). Although the binding affinity for ␣ 1 -acid glycoprotein is somewhat higher than that for serum albumin, serum albumin accounts for the majority of proteins bound to 1263W94 since it is present at higher concentrations in human plasma.
DISCUSSION
HCMV is a prime opportunistic pathogen among immunosuppressed individuals and neonates. In immunocompromised hosts, such as transplant recipients and AIDS patients, HCMV infection requires prolonged courses of suppressive therapy. Of the drugs currently approved in the United States for the treatment of HCMV infection, only GCV and the prodrug valganciclovir are approved for use in transplant recipients, and GCV therapy is often poorly tolerated in these patients. The effectiveness of existing therapies for HCMV disease is generally limited by drug toxicities, including hematologic disorders such as granulocytopenia, anemia, and thrombocytopenia, and renal impairment. There is a need for a safe and effective oral therapy that can be used for prevention and/or treatment of HCMV disease in immunocompromised individuals and neonates and for prevention and/or treatment of reactivation of latent HCMV infection in immunocompromised individuals. The preclinical profile presented here suggests that 1263W94 could meet these criteria.
Assessment of the broad pharmacological profile of central nervous system, cardiovascular, metabolic, gastrointestinal, and microbiological activity of 1263W94 showed no significant activity at doses ranging from 10 to 300 mg/kg in vivo and at concentrations ranging from 3 to 30 g/ml in vitro. Although 1263W94 (10 M) produced anticholinergic and antihistaminergic effects in vitro, there was no evidence of in vivo antagonism of these transmitters at oral doses of 100 mg/kg. In vivo studies at relatively high doses produced central and peripheral nervous system and respiratory effects in mice (250 to 1,000 mg/kg given orally) and produced mild cardiovascular and respiratory effects in dogs (cumulative i.v. dose of 43 mg/kg).
In acute toxicity studies, administration of 1263W94 was well tolerated in mice and rats at oral doses of 250 and 1,000 mg/kg, respectively. The clinical signs seen with larger doses in mice and rats were nonspecific. Limited toxicity was observed in the 1-month toxicity studies in rats and monkeys. In rats, treatment-related findings were reversible except for minimal increases in liver weights, absolute neutrophils, and absolute monocytes in the high dose (400 mg/kg/day) females only. No significant treatment-related changes were observed in monkeys in these acute studies. Chronic toxicology studies have subsequently been carried out, and the results continue to support a favorable safety profile for this clinical candidate (GlaxoSmithKline [data on file]). The toxicology profile for GCV includes reports of aspermatogenesis, mutagenicity, teratogenicity, carcinogenicity, and bone marrow depression (9) . The clinical dose-limiting toxicities of GCV are granulocytopenia, anemia, and thrombocytopenia. In animal modeling of transplant regimens, GCV doses of 5 mg/kg/day were associated with delayed platelet recovery in toxicology studies in dogs receiving i.v. administration of ganciclovir prophylactically after whole-body irradiation and autologous bone marrow transplantation (2) . More severe toxicities have been noted in animal studies with CDV. In a 26-week toxicology study, female rats receiving weekly subcutaneous injections of CDV developed mammary adenocarcinomas at CDV doses of 0.6 mg/kg/week (a dose ca. 0.04-fold the systemic exposure in humans at the recommended i.v. dose), leading to premature termination of the study (Vistide package insert; Gilead Sciences, Inc.).
Results from mutagenicity studies with 1263W94 indicate that the drug is unlikely to represent a genotoxic hazard to humans. 1263W94 was not mutagenic at concentrations of Յ650 g/plate in the standard Ames test and at concentrations of Յ205 g/ml in the preincubation assay with or without metabolic activation. GCV and CDV were also not mutagenic in the Ames test.
1263W94 (15 to 75 g/ml) demonstrated mutagenic potential in the in vitro mouse lymphoma assay in the absence of metabolic activation. However, no conclusive evidence of mutagenic potential was observed in the presence of metabolic activation. The mechanism for the increase in mutant frequency in the mouse lymphoma assay is unknown but is unlikely to involve phosphorylation and subsequent incorporation into mammalian DNA. 1263W94 is not phosphorylated to a detectable degree in vitro, and it does not inhibit incorporation of deoxyribonucleoside triphosphates by human DNA polymerase (3). 1263W94 was not clastogenic in the rat bone marrow micronucleus assay, 24 and 48 h after oral administration, at doses of 400 to 1,200 mg/kg (body weight). The highest dose level produced a total 1263W94 plasma level of ca. 11 g/ml. These results contrast with those seen with GCV, which was clastogenic in the mouse micronucleus assay at doses ca. 2.8-fold (150 mg/kg) to 10-fold (500 mg/kg) larger than the dose given in human exposure (Cytovene package insert; Roche Pharmaceuticals). In addition, GCV showed a potent dose-dependent activity in clastogenicity assays in Chinese hamster V79-E cells at concentrations of Ͼ2.2 ϫ 10 Ϫ4 M (19). The pharmacokinetic profiles of 1263W94 in both rodents and primate species support its potential as an oral agent. 1263W94 was well absorbed in rats and monkeys and was primarily excreted unchanged in the feces. Excellent oral bioavailability was demonstrated in both species, with oral doses of 10 mg/kg resulting in concentrations in plasma that were 24-to 114-fold greater than the mean IC 50 for 10 HCMV clinical isolates. The elimination half-life in rats could not be determined because of a prolonged absorption phase, and estimates of the half-life in monkeys were complicated by evidence of enterohepatic recirculation. Biliary excretion appeared to be the major pathway for clearance in the rat and a predominant pathway in the monkey. N dealkylation of 1263W94 appeared to be the predominant metabolic pathway in both species. The results from in vitro studies suggest that CYP3A4 is most likely the major cytochrome P450 isozyme responsible for the metabolism of 1263W94 to its N-dealkylated analog in humans.
In 30-day oral toxicity studies in rats and monkeys, mean peak concentrations and exposures to 1263W94 increased in near proportion to dose. 1263W94 was able to penetrate the brain, cerebrospinal fluid, and vitreous humor of cynomolgus monkeys, but levels in these tissues were low. 1263W94 is highly bound to human plasma proteins, with serum albumin being the predominant binding site; however, a high dissociation constant indicates that this binding is readily reversible. Relative to humans, there was less binding of 1263W94 to monkey, rat, and mouse plasma proteins.
1263W94 is a potent inhibitor of HCMV and is currently being evaluated in Phase I/II clinical trials. The results of the preclinical studies with 1263W94 presented here suggest that it is a safe agent for the treatment of HCMV disease. With the favorable safety profile demonstrated in these preclinical studies, good oral bioavailability, and lower toxicity than currently available anti-HCMV agents, 1263W94 has the potential to be a viable treatment option for HCMV disease.
